The epitaxial growth of silicon (Si) 
Introduction
Silicon heterojunction (SHJ) solar cells have been expected to be one of the most promising next-generation solar cell structures because of its high open-circuit voltage (Voc) and resulting superior performance at high operation temperatures [1] [2] [3] [4] [5] [6] [7] . The high Voc of the SHJ solar cells originates from high-quality hydrogenated amorphous silicon (a-Si)/crystalline Si (c-Si) interfaces owing to the high passivation ability of a-Si films. Needless to say, the deposition of a-Si films on c-Si wafers must be carefully performed to realize sufficiently low surface recombination velocity (SRV).
Plasma-enhanced chemical vapor deposition (PECVD), most widely utilized technique
for a-Si deposition, generally requires special care to suppress plasma damage during a-Si deposition onto c-Si surfaces [8, 9] . Catalytic CVD (Cat-CVD), often also referred to as hot-wire CVD, can form a-Si films by decomposing source gases on a heating metal wire through catalytic reaction, and hence, can realize the plasma-damage-less deposition of a-Si films [10] . Cat-CVD can thus provide high-quality passivation films on c-Si surfaces, and we have so far actually demonstrated the formation of Cat-CVD high-quality passivation films with low SRV [11] [12] [13] [14] [15] [16] [17] [18] .
The formation of epitaxial layers during the deposition of a-Si films is another phenomenon which should be avoided for the realization of high-quality passivation films because a large number of defects are included inside them [19] . The epitaxial layers tend to be formed more easily by Cat-CVD than by PECVD [20] . One possible reason of this may be the difference of gas decomposition mechanism. Many kinds of radicals, such as SiH3, SiH2, and SiH, are formed through the collision of electrons with silane (SiH4) molecules in PECVD [21] . On the other hand, SiH4 radicals are decomposed to Si + 4H atoms in Cat-CVD [22] , and the bare Si radicals may trigger the 3 formation of low-quality epitaxial layers on c-Si. Hence, the suppression of the epitaxial growth is particularly important for the deposition of a-Si passivation films by Cat-CVD. One way to prevent the epitaxial growth is to erase the periodicity of Si crystal on the surface by the formation of a very thin different material. Thin Si oxide (SiOx) is the most promising candidate for such a material because it can be formed simply by the oxidation of c-Si surfaces. Our approach is to form ultra-thin oxide layers by dipping in liquid oxidant [11] . We have already confirmed that the epitaxial growth on Si(100) can be suppressed by the formation of SiOx layers by dipping in hydrogen peroxide (H2O2) [11] . The effect of the formation of SiOx layers, however, may affect differently on different surface orientations. In particular, the effect on Si(111) is more important since it appears on the facet of pyramid textures formed by alkali etching. In this study, we have attempted to clarify the effect of the oxidation of c-Si wafers by H2O2 on the suppression of epitaxial growth and resulting improvement in the passivation quality of Cat-CVD a-Si films.
Experimental procedures
We used (100) and (111)-orientated double-side-polished floating-zone n-type c-Si wafers. The wafers had a resistivity of ~2 Ωcm, thickness of 290 μm, and a bulk lifetime of >10 ms. We first cut the c-Si wafers into 2×2 cm 2 -sized square-shaped pieces, and removed native oxide layers on the Si wafers in a 5% HF solution. We then immediately dipped the c-Si wafers in 4 wt% H2O2 for 30 s at room temperature for the formation of the ultra-thin SiOx layers on their surfaces. The analysis of the ultra-thin
SiOx films by spectroscopic ellipsometry (SE) revealed their thickness to be 0.8-1.0 nm.
We deposited 8-9 nm-thick hydrogenated intrinsic a-Si (i-a-Si) films at various substrate temperatures on both sides of the c-Si wafers with and without the ultra-thin SiOx layers to investigate the effect of SiOx formation on epitaxial growth and passivation quality.
We employed a deposition pressure and a SiH4 flow rate of For the fabrication of SHJ solar cells, we deposited n-type a-Si (n-a-Si)/i-a-Si films on one side of the c-Si wafers and then p-type a-Si (p-a-Si)/i-a-Si films on the other side.
PH3 and B2H6 gases diluted with helium to 2.25% were used to deposit the doped a-Si films. We then formed 80-nm-thick indium tin oxide (ITO) films on the both sides of the c-Si wafers by sputtered at a substrate temperature of 100 °C, followed by the formation Similar tendency has also been confirmed for the cells with (100)-oriented wafers [11] .
Results and discussion
Note that this work does not aim at the realization of high-performance solar cells but simply focuses on the effect of oxidation process on the suppression of epitaxial growth. to improve the quality of a-Si/c-Si interfaces.
Conclusions
We have investigated the effectiveness of the H2O2 oxidation of (111) Internal quantum efficiency (%) Wavelength (nm)
